This study presents a low computational cost method to compute the hosting capacity of each user in a radial singlephase power network. It is assumed every user install generation. The method is based on two key points, one is the Thévenin equivalent for the installation of each user and for the whole system, the other is the representation of the operation region through the contour of the regions for the Thévenin circuits parameters. The method calculates the range of power injection allowed for each user in order to comply with the network and devices constraints. This range can be included in optimization problems to define the feasible operation region avoiding the explicit inclusion of the power flow equations. The method is illustrated on a simple case study with three users.
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NOTATION Indices k
Index for users, k = 1, 2, . . . , N .
Parameters
|S inv k | Rated apparent power module for user k inverter, (VA). Angle for equivalent impedance of user k inverter, (rad).
I. INTRODUCTION
With the increasing interest to generate energy using renewable sources and the rapid reduction of the costs of the photovoltaic generation [1] , many domestic users are becoming "prosumers", and this trend is expected to accelerate in the coming years [2] . Many questions about the sizing, operation and management of the prosumers installations (micro-grids and smartgrids) can be posed as optimization problems in which the only decision variable, regarding the interaction with the network, are the power consumed / injected.
In these problems, the electrical variables as impedances and voltage phasors are only auxiliary variables. On the other hand, it is necessary to comply with the network constraints, in particular with regard to overvoltages and ampacity, as indicated by the corresponding technical codes [3] . For this reason, we propose here a method to determine the feasible region of operation, in terms of active power exchanged with the network, for each prosumer in a radial low voltage network. In this way, information about the feasibility of the electric operation can be incorporated implicitly, avoiding the inclusion of network constraints that complicate the problem formulation.
For the inclusion of network constraints, two main approaches should be highlighted. The first one is based on a convex version of these constraints, which complicates the 978-1-5386-8218-0/19/$31.00 ©2019 IEEE formulation and resolution of the problem. This method is exact for some problems, as shown for example in [4] , but it usually leads to a second-order cone program. On the other hand, there are methods that calculate the maximum renewable generation capacity that can be installed in each node "hosting capacity", as it does the method proposed here, which avoids the inclusion of complicated network constraints.
A review on the concept of hosting capacity and the methods to calculate it can be found in [5] . Among the most commonly used methods to calculate the hosting capacity are stochastic methods, such as the one described in [6] , where the problem is formulated from the point of view of the distribution network operator taking into account uncertainty in the size and location of renewable generation. Other approaches, [7] and [8] , are based on optimization, usually considering a linearization of the power flow equations.
The methods for calculating the hosting capacity published in the literature provide complete answers to the problem but, in general, they have a complex formulation and a high computational cost. The advantage of the method proposed here is that it allows obtaining solutions with high accuracy at a moderate computational cost. We use the Thévenin equivalent to map the space of users' electric operation parameters into the much smaller (low dimension) space for the Thévenin parameters (impedance and voltage). We apply the network constraints on that small space to obtain the range of values for the allowable power injection from each user. The main disadvantage of the proposed approach is that it applies only to a branch in a low voltage radial network, which on the other hand is a very common topology in low voltage networks. Although it could be extended to a radial network with several branches.
The proposed methodology is described in Section II and applied to a case study in Section III, where results are depicted and discussed. Finally, conclusions in Section IV close the paper.
II. METHODOLOGY
The problem of each user can be reduced to a simple circuit composed of the Thévenin equivalent of the system seen by the user and the Thévenin equivalent of the user's own installation, resulting a simple loop with two branches, as shown in Fig.  5 . The main difficulty is to determine the regions where the parameters of these Thévenin equivalents take the values. In the case of the Thévenin for the system, the regions for their parameters must take into account all the possible actions that other users in the system can make. Here we propose a method to compute the regions for the parameters in the simple loop circuit for each user k, with low computational cost. The main steps in this study are as follows:
1) For each user k its operation space is defined by the bounds of its operation parameters:
. Each user is replaced by its Thévenin equivalent as depicted in Fig. 1 , and the regions of the Thévenin parameters for each user k are computed. Figure 1 . (a) Initial system, (b) System with Thévenin for each user.
2) With the regions of the Thévenin parameters for each user we calculate the Thévenin of the system seen by each user. 3) With the Thévenin of the system and the Thévenin of the user we have a simple loop circuit ( Fig. 5 ) for each user, and use it to check:
• The user operation space does meet the network constraints (overvoltage, ampacity, etc.).
• The bounds for the power injection/consumption to/from the network. The previous steps are explained in detail in the next section.
A. Thévenin for each user
To calculate the Thévenin equivalent of each user we need a model of the load and a model of the PV installation, which are described below.
1) Model for the load of each user: The load of the user k is modeled in the circuit by its equivalent impedance Z k , which is calculated from the apparent power S k (complex value) and the reference voltage value U ref according to (1), (superscript "*" means complex conjugate).
The parameters with uncertainty in the load are |S k | and φ k , module and angle of its apparent power.
2) Model for each PV installation: Each PV installation is modeled as an ideal source of voltage U inv k in series with an impedance Z inv
has a constant value that depends on the performance of the inverter and X inv
changes with the value of the angle for the inverter load factor.
The inverter control variables are |U inv k | and φ inv k . 
A configuration for user k is defined by selecting a value for each one of its four parameters inside its corresponding range. For each configuration we have one complex value for Zth k and other for U th k , that may be computed by applying the procedure previously described in this section. Thus the set of all configurations is mapped into two regions, one for Zth k and other for U th k . It should be remarked that each point in Zth k is paired with a single point in U th k , and each point in U th k with a single point in Zth k , points that correspond to the same configuration. Regions for Zth k and U th k are compact sets, thus we do not need to compute all the points in the regions, it is enough to calculate the points that define their contours, and this is the approach here. Examples of the regions and the corresponding contours for the case study are depicted in Fig. 3a for Zth k and Fig. 3b for U th k . Points for the contour of Zth k region are listed on Table I , and for the contour of U th k region on Table II . It should be highlighted that points defining the contour correspond to some combinations of the bounds for the operation parameters.
B. Equivalent system from user k point of view
A configuration of the whole system is given when the configuration for each user has been set. For each system 
configuration we have a value for the parameters of its equivalent Thévenin, Zth s k and U th s k , from the point of view of user k. In this way, if we have N users and for each user k we take M S k points for
If for example we have 11 users and we take 10 points for each one of its parameters, the total number of configurations to evaluate is 10 4·10 = 10 40 , problem of combinatorial explosion (curse of dimensionality). We propose here a method to obtain the regions of Zth s k and U th s k with a reduced computational cost.
1) Proposed method to obtain the regions for Zth s k and U th s k : If we have N users, the regions for Zth s k and U th s k are computed in N − 1 steps of low computational cost. The method is based on: 1) The regions for the parameters of the Thévenin resulting from two parallel branches is a compact region with respect to the values of the branches parameters. So the region can be defined by its contour. 2) We have observed, as it is shown in Tables I and II, that the contour points for the regions of the Thévenin parameters for the equivalent of two parallel branches correspond to some combination of the bounds (region contours) for the branches parameters. Thus, the points in the contours for the parameters in the branches allow us to compute the contour for the region of the Thévenin equivalent to both branches. 3) The points in the regions of Zth k and U th k are paired, so it is not necessary to combine all the points in the contour of Zth k with all the points of U th k , we only need to check the corresponding pairs . The procedure is defined by three rules: Rule 1: Only the Thévenin of two parallel branches is computed in each step. We start from the extremes of the circuit, and approach to user k from the Left (L) and from the Right (R), as shown in Fig. 4 . Starting from the right is possible only if k < N . Figure 4 . Reduction to a simple loop circuit.
Rule 2:
In each step the regions for the Thévenin of two consecutive parallel branches is computed using only the points in the contour of the regions for the parameters of both branches. These points are the union set of the points in the contour of the branch Thévenin impedance and the points in the contour for the branch Thévenin voltage. For the example contours provided in Tables I and II the total number of points is 6 + 14 − 2 = 18 (there are 4 coincident points). Then the two branches are replaced by its corresponding Thévenin, so one branch is removed from the circuit.
Rule 3: The regions for the parameters in each new branch are defined by their contours. We have observed in the case study that the contours can be defined using less than 30 points.
To summarize, as the initial circuit contains N +1 branches, we need N − 1 steps to reduce it to a simple loop with two branches, and the total number of configurations to evaluate is around (N − 1) · 30 · 30, that for N = 11 is 10 · 30 · 30 = 9000, instead of 10 40 .
C. Results for each user k
Once we got the regions for Zth s k , U th s k , Zth k , and U th k , the problem for user k is reduced to a simple loop circuit, as shown in Fig. 5a , on which is easy to check the network constraints.
The voltage U k at user k load is computed, see Fig. 5b , for each configuration by (4) and (5)
And, once U k is known, both currents inside the equivalent circuit of user k, see Fig. 5b , and the inverter voltage U inv k can be computed using (6)-(8) Finally, the active power injected by the inverter P inv k is given by (9):
Using these results we can check if the initial operation bounds for the users meet the network constraints (overvoltage, ampacity) and the bounds for the active power interchanges with the network. The points that define the contours of the Thévenin parameters are directly related to the region of operation in terms of the electrical variables, which allows us to devise recommendations to adjust the feasible region to comply with the network and device operational constraints, as follows:
• Inverter efficiency, through R inv k , has a great weight in the user load voltage U k for different levels of injected power, (5) . • The impedance Zth s k of the system Thévenin has a large weight in the value of the loop current (4), and therefore in the current flowing through the drop line. It also has a great influence on the voltage values |U inv k | that the inverter must apply in order to inject a certain level of power. This impedance depends mainly on the network impedances (pole to pole lines and drop lines) and the inverters efficiency. On the other hand, impedances of users loads have a low influence on the value of Zth s k , as Zth k ≈ Zth inv k .
III. CASE STUDY
The proposed method is illustrated for a case study that consists The installations of the three users and their operational spaces (ranges for |S k |, φ k , |U inv k |, and φ inv k ) are identical, the regions for their Thévenin parameters are shown in Figs. 3a and 3b. Fig. 3a shows numerically that Zth k ≈ Z inv k , with Re[Zth k ] ≈ R inv k practically constant, the most significant changes occur in the imaginary part, where Im[Zth k ] ≈ X inv k . In Fig. 3b it is important to highlight points 4 and 12 that correspond to the minimum and maximum value respectively of the voltage |U th k |. These points allow us to Fig. 7b shows the region for the injected power from the user 3 inverter (PV installation), and Fig. 7d depicts the region for the current in user 3 load.
The regions for the other users' results are also similar in value and shape to those shown in Figs. 6 and 7. The inverter voltage range have been adjusted so that all the results comply with the network and devices constraints. In this case, the main parameters to adjust to comply with the network and device constraints are the inverter voltage range and the inverter equivalent impedance angle. This angle is directly related to the inverter capacity to compensate reactive power in the system. The adjustment can lead to a curtailment in the range of power the inverter can inject to the network.
IV. CONCLUSIONS
The method proposed here allows calculating, with a low computational cost, the hosting capacity for each user in a low voltage radial network. The key points in the method are the use of the Thévenin equivalent for the users installations and for the whole system, and the representation of the The points in the contours can be related to the electrical operation parameters to get orientations on how to fit the parameters to comply with the network and device constraints.
To summarize, as the proposed method has a low computational cost it can be used in systems with a high number of users, and in processes that require repeating the calculation many times. For example, in searching processes to find: i) The value of the electrical parameters of user operation to comply with network and device constraints , ii) the optimal location of generation in the system (branch of a radial network), or iii) the maximum generation capacity that each user could install and that could operate independently of what other users do.
